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Inhibition of Human and Rat Pancreatic 
Proteinases by Crude and Purified 
Soybean Proteinase Inhibitors 

ASHILD KROGDAHL 1 and HALVOR HOLM 
Institute for Nutrition Research School of Medicine, 
* University of Oslo, Blindern> Norway 

ABSTRACT Effects of proteinase inhibitors on total proteolytic activity 
and trypsin and chymotrypsin activiy. in human pancreatic juice were de- 
termined separately. Purified inhibitors as well as crude extracts of raw soy- 
beans completely inhibited trypsin and chymotrypsin activity while 40 to 
* S0% of the total proteolytic activity remained. Inhibition experiments with 
1,10-o-phenanthroline showed that this residual proteolytic activity was 
due mainly to carboxypeptidase A and B. Comparative studies with rat 
pancreatic enzymes demonstrated certain similarities between the corre- 
sponding enzymes from rat and man. However, differences were revealed 
which indicate that the rat enzymes must be used with great caution when 
applied as models for the human 'proteinases when studying effects of soy- 
bean inhibitors. J. Nutr, 109: 551-558, 1979. 

pancreatic proteinases * soybean inhibitors 
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In the early 1960s a program of ex- 
perimental cultivation of soybeans was 
launched in Tanzania. The object was to 
produce a cheap and stable source of pro- 
tein and energy which could be grown and 
utilized in rural areas and which was also 
suitable for infants and young children. 
Holm et al. ( 1 ) examined heat treated soy- 
bean meal from three different varieties of 
soya (Glycine max) grown in Tanzania, 
The results obtained in nitrogen balance 
experiments in rats were very different from 
those predicted from the amino acid pat* 
terns and this discrepancy was associated 
with the presence of proteinase inhibitors. 

A number of inhibitors which possess' 
different heat resistances and enzyme speci- 
ficities are known to occur in soybeans. 
The inhibitory character of one particular 
variety of soybean is dependent partly on 
heriditary and partly on environmental 
factors (2, 3). The danger of variable and 
inadequate neat treatment is very real 
when the meal is produced at the village 
level (1). Substantial inhibitory activity 



may therefore be suspected. However, the 
in vivo effect of proteinase inhibitors in 
soybean meal used as human food is not 
well understood. 

At the present time the only report of 
human studies is that of Lewis and Taylor 
(4) who fed raw soybean meal to two ni- 
trogen depleted adult men. Nitrogen re- 
tention was about 20% lower in the sub- 
jects fed raw soybean meal than in those 
fed autoclaved meal, although nitrogen di- 
gestibility was invariable. The authors con- 
cluded that these experiments indicated 
that soybeans are a poor source of protein 
unless adequately heated. 

A prerequisite of a physiologically signifi- 
cant effect in the digestive tract brought 
about by proteinase inhibitors in soybeans 
is the formation of complexes between the 
•proteolytic enzymes ana the inhibitors, and 
the stabilization of these complexes suffi- 
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ciently to give a certain inhibition of activ- 
ity* FigareUa et aL (5, 6) and Laskowski ct 
af. (7) have demonstrated complex forma- 
tion between Kunitz' soybean trypsin in- 
hibitor (SBTI) and the two human trypsins " 
(cationic and anionic)* The work of Mal- 
lory and Trawis (8) demonstrated that 
proteolytic activities in homogenous prepa- 
rations of human cationic and anionic tryp- 
sin, chymotrypsin I and II are moderately 
to severely inhibited by SBTI, and by the 
Bowman/Birk inhibitor from soybeans 
(BBI) as well as by the Lima bean inhibi- 
tor (LBI). In vivo, the effects of proteinase 
inhibitors in soybean products on protein 
digestion will be an overall effect of several 
inhibitors on the total enzyme mixture 
hydrolyzing protein in the digestive tract. 
Accordingly, the overall effect depends 
both on the pattern of inhibitors present in 
the beans and the pattern of enzymes in 
the digestive tract 

Our work addresses this complex situ- 
ation. To enable quantitative studies to be 
carried out, human pancreatic juice was 
employed as a model for the digestive juice 
in the small intestine. Extracts of raw soy- 
beans and purified inhibitors were added to 
the juice and the reduction of tryptic* 
chymotryptic and total proteolytic activity 
measured! Identical experiments were car- 
ried out using pancreatic extracts from rats. 
The effects on the human enzymes were 
compared with the effects on the corre- 
sponding enzymes from rat, an experimen- 
tal animal extensively used as a model sys- 
tem for man* 

MATERIALS AND METHODS 

Human pancreatic juice (HP/)* The 
human pancreatic juice (HPT) was col- 
lected from the duodenum at the mouth of 
the pancreatic duct after intravenous ad- 
ministration of pancreozymin and secretin 
to give maximal enzyme secretion* The col- 
lection procedure was adapted from and 
supervised by Dr. Petersen.* The HPJ col- 
lected is contaminated with minor amounts 
of duodenal juice containing enterokinase 
which activates the pancreatioe proenzymes 
(9, 10)* Immediate cooling (0°), freezing 
in small aliquots within 1 to 2 hours (liquid 
N*), and storing at —70* satisfactorily 
conserved the proteolytic activity. After 



thawing, the juice was used at once without 
dilution or any other treatment. At 0° the 
proteolytic activity was stable for at least 
12 hours. Total proteolytic activity in three 
collections, from three different normal sub- 
jects, varied due to variations in the water 
content The activity per ml in the most 
dilute sample was 60% of that of the most 
concentrated sample. Hie relative activity 
of trypsin and chymotrypsin when mea- 
sured as described below, was invariably 
found to be 0.4, 
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In the present experiments all HPJ used 
was taken from the same batch. 

Rat pancreas extract (RPE), Hie rats 
used were of the Wistar strain AF/Han/ 
M0/Han of both sexes, ISO to 200 g. a Hie 
animals were givemfree access to food * and 
water until dissection of' pancreas, at 0800, 
according to the method of Treadwell and 
Roe (11)* Pancreata from 10 rats were 
freezeclamped, ground, and stored at —70°. 
The enzyme preparation (RPE) was ob- 
tained as follows: 150 mg of the powdered 
frozen tissue was extracted in 9 ml of buffer 
(0.20 m Tris-HCl, 0.(6 m CaCl 2> pH 8,0 as 
measured at 30° ) in the presence of 1 ml 
of bovine trypsin solution {0.25 mg/ml in 
10- B m HQ) at 4° for 24 hours in order to 
activate the proenzymes* This activation 

!>rocedure provided maximal total proteo- 
ytic activity. ( Tbe amount of bovine tryp- * 
sin used for activation is to small to be de- 
tected in any assay systems for the rat 
"enzymes.) Proenzymes in the homogenate 
are not affected either by freezing or by 
storing at -70°. At 4* activated proteolytic 
enzymes in RPE are stable for at least 6 
hours, The total proteolytic activity* in 10 
different homogenates varied only slightly 
As in human pancreatic juice, the relative 
activity of trypsin and chymotrypsin was 
OA 

Soybean extracts (SBE). A mixture of 25 
different raw soybean varieties s were de- 



■Dr, H* Peterson, UllevAl Haapital, Oslo, Worway. 

'Scnnbur A/S, W. Skeneved, rj<ninark. 

*fcat laboratory stock <U*t (SIFF) t BJ*I**n Valw* 
ra0lle, Oslo, Norway, ^ M , , 

• From Ilonga Beware* ,aad Training Institute, 
Tanzania. Detailed dwurifction of th* varieties will 
be pobllsUed elsewhere 
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hulled and milled (SO mesh). The blended 
meal was used as a model of "typical" soy- 
bean meal. Solutions of proteinase inhibi- 
tors were obtained by gentle stirring of soy- 
bean meal in 0.9% NaCl (1:50 (w/v)) for 
2 hours at 4* (1). The superaatants after 
centrifugation for 30 minutes at 10,000 X g 
(4°) were stored at -20°. No changes in 
inhibitor content were found after pro- 
longed storage (approx. 1 year) at -20°, 
or after 33 hours at 4°. Before use in die 
assay systems all inhibitor solutions were 
diluted 1:2 with 0.9% NaCl. 

Purified inhibitors. Kunitz soybean tryp- 
sin inhibitor (SBTI) ft at a concentration 
of 0.125 mg/ml 10' a m HC1 and Lima bean 
inhibitor (LBI) 7 at 0.063 mg/ml 10" 3 m 
HC1 were used, LBI (M.W. ca. 9,000) was 
used because it is homologous to the com* 
pact, cystine-rich Bowman/Birk soybean 
inhibitor (BBI) which is not commercially 
available. 

Protease and esterase assays. Total pro- 
teolytic activity was measured with casein 
as substrate, using a modification of the 
method described by Kunitz (12). The 
casein concentration was increased from 
0,5 to 1.0% to obtain a close-to-linear rela- 
tionship between enzyme activity and en- 
zyme concentration (13). In this assay sys- 
tem (2.0 ml), 20 pi HPJ gave the same 
proteolytic activity (OD^o ** 0.7) as 55 /J 
RPE. Consequently these volumes of HPJ 
and RPE were also employed in the follow- 
ing assays of individual enzymes. 

The activities of trypsin (EC 3.4.21*4), 
chymotrypsin (EC 3.4.21.1), and carboxy- 
peptidase A (CPA) (EC 3.4.12.2) and 
carboxypeptidase 1$ (CPB) (EC 3-412.3) 
m the enzyme mixtures were measured 
(14, 15) using N*benzoyl-ii-arginine-etihyl- 
ester (BAEE), 8 N-benzoyl-L-tyrosine-ethyl- 
ester (BTEE ) / N-carbobenzoxy-glycyl- 
phenylalanme (CGP), 10 and N-hippuryl- 
argmine (HA),* 1 respectively, as substrates. 
Linear relationships between the activity of 
each enzyme and its concentration were 
obtained. 

Inhibition of each enzyme was measured 
when 10 to 200 /J of SBE, 0 to 25 SBTI, 
or 0 to 12.5 LBI were added to the in- 
cubation system (3.0 ml). A specific in- 
hibitor of carboxypeptidase A and B (16), 
UO-ortho-phenanthroline, 12 was used to 



characterize the enzyme composition of 
HPJ. Zero to ten /tg were added per 20 ul 
HPJ, and the effects on CPA and CPB were 
assayed separately. In the Kunitz' proce- 
dure (13), excess 1,10-o-phenanthroline 
was removed by chloroform extraction 
(3x5 ml) before the spectrophotometry 
determination of "total proteolytic activity." 
Heat inactivated HPT or RPE were ob- 
tained by heating 1 ml of the enzyme solu- 
tion for 10 minutes at 100°. 

The results were analyzed by two-way 
analysis of variance. Comparison among 
class means was carried out according to 
Snedechor and Cochran, (treatments; SBTI, 
LBI, and SBE, blocks; each level of in- 
hibitor added, EMS = error of mean 
■ square 1 ). The minimum level of statistical 
significance accepted was P < 0.05 (17). 

RESULTS 

The effects of proteinase inhibitors were 
studied in three series of incubation mix- 
tures, in which total proteolytic activity, 
trypsin and chymotrypsin activity in hu- 
man pancreatic juice (HPJ), and rat pan- 
creatic extract (RPE) were determined 
separately (figs. 1A to 1C and 2A to 2C, 
respectively). Significant inhibition by the 
three inhibitor preparations was demon- 
strated in all assay systems (figs. 1A to 1C, 
2A to 2C ) . The inhibition of trypsin in RPE 
(fig. 2B) by LBI and SBE did not differ 
significantly. In the remaining five essay 
systems, SBTI, LBI, and SBE gave different 
inhibition. These experiments demonstrate 
that proteinase inhibitors from soybeans 
effectively inhibit the human proteolytic 
enzymes. In the presence of a soybean ex- 
tract (SBE) corresponding to 1.3 mg of 
soybean meal there was 50% inhibition of 
the total proteolytic activity in 20 /J of 
H p J (fig- 1A), and almost complete in- 
hibition of the trypsin and chymotrypsin 
activities (figs. IB, 1C). 

The total proteolytic activity of the rat 
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Fig. 1 Inhibition of total proteolytic activity (A), tryptic activity (B), and chymotryptic 
activity (C)in human pancreatic juice (HPJ) by Kunit? soybean trypsin inhibitor (5BH> 

( ), lima bean inhibitor (LBI) (- — ), and soybean extracts (SBE) ( ). Units: 

10" 5 nmole SBTI, 10° nmole LBI, 1.6 pi SBE (corresponding to 6.8 jig soybean meal ex- 
tracted). A: 20 pi human pancreatic juice (HPJ) in 2.0 ml 1% casein solution (12), TCA- 
soluble material was determined from change in absorbance at 280 am, EMS = 3.1. B: 20 ^1 
HPJ in 3.0 ml BAEE solution (13). Benzoy^arginmo release was measured at 253 nm. 
EMS ! = 2.1. C: 20 p\ HPJ in 3.0 ml BTEE solution <13)« Benzoyl-tyrosine release was mea- 
sured at 256 nm. EMS = 1.7. 



enzymes (fig. 2A) was inhibited by SBE 
to a somewhat lesser extent than that of 
the human enzymes (fig. 1A). The inhibi- 
tion of rat trypsin and chymotrypsin by 
SBE was marked (figs. 2B, 2C) and similar 
in magnitude to that of the corresponding 
human enzymes (figs. IB, 1C). This strong 
inhibition of trypsin and chymotrypsin from 
both sources is only partly reflected in the 
inhibition of total proteolytic activity. 

The inhibition obtained with LBI re- 
sembled that of SBE in all assay systems. 
The differences between the pattern of in- 
hibition with human and rat enzymes by 
SBE are to a large extent reproduced by 
LBI. However, the amount of soybean meal 
required to cause a given degree of in- 
hibition is 100 times that of crystalline 
LBI. 

Human proteinases seem to be inhibited 
less by SBTI than by the same amount 
(moles) of LBI (figs. 1A to IC). With rat 
enzymes the picture is more complicated. 
In RFE, trypsin was inhibited more by 
SBTI than chymotrypsin was. SBTI and LBI 
had similar effects on the tryptic activity 
of RPE (fig. 2B), whereas SBTI had a 
much weaker effect on chymotrypsin than 



LBI had (fiff. 2C). Differences in the pat- 
tern of inhibition of human and rat en- 
zymes seem to be dependent on the type of 
inhibitor as well as the amount of inhibitor, 
The relative inhibitory capacity of SBTI 
and LBI 

( A activity \ f( L activity \ 
mole SBTI// \molc LBI/ 

towards rat trypsin differed markedly from 
that towards chymotrypsin. The relative 
inhibitory capacity of SBTI and LBI 
towards human trypsin and chymotrypsin ^ 
was almost the same. This indicates a dif- 
ference in the properties of the correspond- 
ing enzymes from man and rat 

LBI was used as a representative of the 
cystine-rich low molecular weight pro- 
teinase inhibitors. The inhibitory pattern of 
SBE appeared to be different from SBTI 
and similar to that of LBI. This becomes 
particularly clear in figures 2B and 2G. This 
indicates that the predominant inhibitors 
in SBE may be homologous to LBI and 
belong to the heat stable type. 

When 1.6 nmole of LBI was added to 
the standard incubation mixtures contain- 
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ing HPJ, virtually no trypsin or ehymo- 
trypsin activity could be demonstrated, 
although approximately 40% of the total 
proteolytic activity was present (point ▲ 
in fig. 3). The importance of carboxypepti- 
dase activity in this situation was tested in 
experiments using the xinc-chelating agent 
1,10-o-phenanthroline. Figure 4 shows that 
die removal of zinc ions by this agent af- 
fects 4 the activity of the two carboxypep- 
tidases differently. When 1,10-o-phenan- 
throline was added to HPJ in which all the 
trypsin and ehymotrypsin activity had .been 
inhibited by 1.6 nmole of LBI,. a further 
of the total proteolytic activity was 
lost (fig. 3). The lowered residual activity, 
due to increasing amounts of 1,10-o-phen- 
anthroline was significantly different at 
each level of inhibitor added. 

Carboxypeptidases contribute a signifi- 
cant part of both the total proteolytic activ- 
ity in HPJ and the activity after inhibition 
with LBL The remaining 15% of proteo- 
ytic activity after inhibition with LBI and 
1,10-o-phenanthroline is probably due to 
elastase which is not affected by the in- 
hibitors used- 



DISCUSSION 
Previous findings that human proteinases 
were apparently little affected by soybean 
inhibitors prompted speculation that these 
inhibitors had very little relevance to hu- 
man nutrition (18-20). The present work 
indicates that SBTI has a considerable in- 
hibitory capacity towards human trypsin 
and ehymotrypsin in HPJ (figs. 1A to 1C). 
Evidently protein digestion may be im- 
paired by SBTL The inhibition obtained 
using SBE indicates that soybean protein- 
ase inhibitors, in general, may be of signifi- 
cance in human nutrition. Extracts of 70 g 
soybean meal were able to eliminate tryp- 
sin and ehymotrypsin activity in 1 liter of 
HPJ. Therefore, extracts from about 100 g 
of raw soybean meal will be required to 
inhibit the trypsin and ehymotrypsin se- 
creted in 24 hours. Inhibitor patterns in soy- 
beans are not well known. However, 25 
different soybean varieties were mixed to 
obtain SBE, and it seems unlikely that only 
a few varieties should be responsible for 
the inhibitory character shown in all assay 
systems to be similar to LBI. Consequently, 
the low-molecular weight and heat stable 
inhibitor types may frequently be present. 
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2 ,^ ll V bltl °? ** * otaI P"*»l>*if activity (A), tiyptic activity (B), and ehymotoyptic 
actiwty (C) in rat pancreas extract (KPE) by Kurite^Oybtan trypsin' inhibitor (SBTI) 

t"„L;«^^ b,IO f < LBI) (---) and soybean, extracts (SBI) ( ). * Units 

iSlfijT 1 ! S «V°? nm0,e ^ 16 ^SBEf corresponding to $i ^soybean meal ex- 
teacted). A; SS £ raj pancreatic i extract (RPE) in 2.0 ml 1% casein solution (12). TCA- 
soiuble > material was determined from change in absotbanoe at 280 nro. EMS = 1.2. B. SS ^ 
^ J? 3° ml BAEE solution (13). Benzovl^rginine release was measured at 253 nra. 
s^at 2S6nii^:MS^24 solution 13 . Benzoyl-tyrosine release was mea- 
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Fig. 3 Reduction in total proteolytic activity 
in human pancreatic juice (HPJ) due to inhibi- 
tion of carboxypeptidase A and B by 1,10-0- 
phenajnthroline. Two milliliters "standard" casein 
solution containing 20 id HPJ was made "trypsin 
and chymotrypsin free" by addition of 1.6 nmole 
LBI and residual proteolytic activity due to car* 
boxypeptidase A and B further inhibited by 
1,10-o-phenanthroline, 4 to 40 /xg (15). EMS = 1.7. 

The overall effects as seen in the assay 
of total proteolytic activity will be influ- 
enced by the inhibitor pattern arid the 
enzyme mixture present. The inhibitors will 
alter the relative active enzyme concentra- 
tions and this will, in turn, alter the relative 
effects of the inhibitors (8). In most feed- 
ing experiments with , rats raw soybeans 
cause enlargement of the pancreas, reduced 
growth, reduced protein digestibility im- 
paired fat absorption, lowered energy utili- 
zation, and reduced availability of amino 
acids, vitamins, and minerals (2), The 
present work shows that an extract of ap- 
proximately 1 g soybean meal eliminates 
the trypsin and chymotrypsin activity from 
one rat pancreas (approx. 0.55 g) while it 
reduces the total proteolytic activity to 
about 50% (figs. 2A to 2C). A substantial 
part of the proteolytic activity in HPJ is 
shown to be due to carboxypeptidase A 
and B (fig. 3). In the experiments where 
residual proteolytic activity in LBI-treated 
HPJ was studied, about 25% of the total 
activity could be accounted for by tie car- 
boxypeptidases. The remaining activity is 
assumed to be due to elastase. Soybeans 



are not known to contain inhibitors of the 
carboxypepfidases, but elastase inhibitors 
have been identified (21). Consequently, 
the endopeptidase activity in general may 
be reduced while the exopeptidases may be 
unaffected by soybean extracts. 

Secretion of proteolytic enzymes from 
the pancreas is under humoral regulation. 
Pancreozymin ( cholecystokinin ) is the 
main regulating hormone. Among other 
stimuli, the levels of active trypsin and 
chymotrypsin in the duodenum are impor- 
tant. Low levels of active enzymes stimu- 
late pancreozymin secretion, elevate plasma 
pancreozymin and hence induce proteinase 
secretion. Proteinase inhibitors effectively 
lower the level of active intestinal trypsin 
and chymotrypsin. Consequently, the out- 
put of proteolytic enzymes from pancreas 
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Fig. 4 Inhibition of carboxypeptidase A { CPA} 
and B (CPB) by 1,10-o-phenanthroline. A 3.0 ml 
incubation solution (15) containing 100 pi HPJ 
was used. CPA activity was measured as amidate 
activity by determining the reduced absorbaneft at 
232 nm wing N-carbobenzoxy-glycyl-phenylak- 
nine as substrate. CPB activity was determined at 
2&4 nm using N-hippurylarginirte as substrate, 
CPA, EMS =2.0. CPB, EMS = 1.8 (CPA, 
CPB, O O). 
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increases. Continued hypersecretion from 
the pancreas causes enlargement of the 
gland with both hyperplasia and hyper- 
trophy (22-26). 

Trypsin and chymotrypsin are enzymes 
rich in cystine. Hypersecretion of these 
enzymes elevates the requirement for sul- 
fur-containing amino adds. Sulfur-contain- 
ing amino acids are usually the limiting 
amino acids in soybeans. Active proteinase 
inhibitors in soybeans therefore aggravate 
this deficit and bring about growth re- 
tardation (27-29), Proteinase inhibitor may 
cause a general delay in protein digestion. 
In combination with an uneven distribution 
of absorption mechanisms for amino acids 
in. the small intestine, this delay may lead 
to impaired amino acid absorption. . Ab- 
sorption sites localized in the distal part of 
the small intestine are mainly specific for 
free amino acids and absorption rates vary 
greatly from one amino acid to another. 
Sites in the proximal intestine take care of 
small peptides supplying the organism with 
free amino acids at uniform rates (30). The 
effective utilization of amino acids requires 
near simultaneous absorption. Hence, pro- 
teinase inhibitors* by delaying protein di- 
gestion, may reduce amino acid utilization 
as well as absorption. In particular the 
enzyme-inhibitor complexes^ . containing 
large amounts of sulfur-containing amino 
acids, are liable to escape digestion and 
absorption (1, 29, 31). As the content of 
proteinase inhibitors in soybean meal may 
vary appreciably (I), there is always the 
risk of suppl yi ng man with substantial 
amounts of proteinase inhibitors. 

In the assay systems used, both the en- 
zyme concentrations and the kinetics of 
enzyme inhibitor interaction are unknown. 
Comparisons between effects of SBT% LBI, 
and SHE were therefore accomplished by 
comparing the relative effects of the inhib- 
itors. This revealed that the inhibition of 
human trypsin and chymotrypsin was dif- 
ferent from that of the rat proteinases 
(figs. IB, 1C, 213, 2C)- The different in- 
hibition obtained by LBI and SBTI points 
out that screening inhibitor content of dif- 
ferent soybean varieties using rat enzymes 
probably ranks the varieties in a way not 
consistently relevant to human nutrition. 
Similar conditions may occur for most en- 



zymes in question. It seems precarious 
arbitrarily to choose enzymes for testing 
the content of inhibitors in soybeans and, 
without further examination, to assume the 
results to be applicable to the nutrition of 
different animal species including man. 
Until now, bovine trypsin has been exten- 
sively used in proteinase inhibitor assays 
whether the results are intended for man, 
pigs, or chickens. However, nobody has 
demonstrated that these results in general 
correspond to effects on human enzymes or 
that they are relevant to human nutrition. 

In conclusion, the inhibition of human 
proteinases by soybean extracts is consid- 
ered relevant in human nutrition. When 
rat enzymes are used to predict the effect 
on human proteinases, great caution must 
be exercised. Tests should at least be car- 
ried out at several levels of inhibitors, 
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Contributions of tyrosyl residues to trypsin- and chy- 
motrypsin-inhibitory activities in two homologous pro- 
teinase inhibitors were investigated by modifying them 
with JV-acetylunidazole under various conditions. In 
Bowman-Birk soybean proteinase inhibitor, Tyr 55, 
immediately following the antichymotryptic site, Leu 
53-Ser 54, is relatively inaccessible to JV-acetylimidaz- 
ole and can only be acetylated in the presence of G m 
guanidine hydrochloride but not in 8 M urea. The acet- 
ylation of Tyr 55 is accompanied by 60% loss in anti- 
chymotryptic activity. Deacetylation with hydroxyla- 
mine restores the activity to the original level. Tyr 69, 
located in the antitrypsin portion of the inhibitor, is 
exposed relatively to jV-acetylimidazole and can be 
acetylated without denaturing agent. The acetylation 
of Tyr 69 parallels decrease in antitryptic activity. The 
inhibitor acetylated at Tyr 69 is fully active toward 
chymotrypsin and has 30 to 40% antitryptic activity of 
the native. The original level of antitryptic activity is 
restored upon deacetylation. 

Tyr 69 of lima bean proteinase inhibitor is relatively 
inaccessible to iV-acetyliroidazole; 75% acetylation in 
the presence of 6 M guanidine hydrochloride and 17% 
without the denaturing agent. The acetylated inhibitor 
is fully active toward chymotrypsin but retains only 
29% (acetylated without guanidine hydrochloride) and 
17% (acetylated with guanidine hydrochloride) of the 
original antitryptic activity. Deacetylation partially re- 
stores the lost antitryptic activity in the inhibitor acet- 
ylated without the denaturing agent. 

The total and irreversible loss of antitryptic activity 
in samples acetylated in the presence of 8 m urea or 6 
M guanidine hydrochloride is attributed to the acetyla- 
tion at the c-amino group of Lye 26 at the trypsin- 
inhibitory site. 



Bowman-Birk soybean proteinase inhibitor and lima bean 
proteinase inhibitor are "double-headed" inhibitors which 
inhibit trypsin and chymotrypsin at independent reactive sites 
(1-6). A close homology between the inhibitors can be recog- 
nized by a near- identity in their amino acid sequences; only 
six positions are substituted from residues 13 to 73' (5, 7, 8). 

* This study was supported by Contract EY-76-C-03-0012 between 
the Department of Energy and the University of California. The costs 
of publication of this article were defrayed in part by the payment of 
page charges. This article must therefore be hereby marked "adver- 
tisement*" in accordance with 19 U-S-C- Section 1734 solely to indicate 
this fact. 

1 In order to simplify presentation, amino acid sequence* of the two 
inhibitor? are aligned and residue numbers of LB I are used for both. 
Therefore, the amino acid sequence of BBI starts with residue 11 {8). 



BBI* can be cleaved into three fragments by cyanogen bro- 
mide treatment followed by pepsin digestion. One fragment, 
residues 11 to 37 and 67 to 77 held together by four disulfide 
bonds, contains the trypsin-inhibiting site Lys 2&Ser 27, It 
has 84% antitryptic activity of the native and no antichymo- 
tryptic activity. The second consists of residues 38 to 66, which 
include the chymotrypsin-inhibitory site Leu 53~Ser 54 and 
three disulfide bonds- The antichymotryptic Fragment pos- 
sesses no antitryptic activity and 16% antichymotryptic activ- 
ity of the intact inhibitor. The third fragment is a tetrapeptide 
from the COOH terminus of the native inhibitor (9). Spectro- 
photometric study of BBI showed that one of two tyrosyl 
phenolic groups is relatively exposed and can be O-acetylated 
by 100- to 1500-fold molar excess of iV-acetyltrnidazole. The 
other is inaccessible to the reagent even in the presence of 8 
m urea, but can be acetylated in the presence of 6 m guanidine 
hydrochloride. Which of the 2 tyrosyl residues is exposed 
could not be determined (10). LBI contains only one tyrosine, 
Tyr 69, which is relatively inaccessible to jV-acetylimidazole. 
A 100-fold excess of the reagent in the presence of 6 M 
guanidine hydrochloride elicited about 7$% 0-acetylation (11). 

Radiation studies of BBI and LBI suggest that damage to 
BBI Tyr 55, adjacent to the antichymotrypsin site, leads to 
loss of chymotrypsin-inhibitory activity. Radiation damage to 
Tyr 69, located in the antitryptic fragment, has no effect on 
either of the antiproteinase activities in both inhibitors (11, 
12). 

In the present study, antiproteinase activities of BBI and 
LBI derivatives acetylated under various conditions have been 
determined and the xoles of tyrosyl residues in the activities 
have been evaluated. 

EXPERIMENTAL PROCEDURES 

BBI and LBI were purified as described (10, 11). Acetylation and', 
deacetylation of the inhibitors were performed according to reported 
methods (13, 14). Unreacted AkacetyUmidazole was removed by di- 
alysis against water at 4 g C. Inhibitory activities of the inhibitors were 
measured spectroscopically, as described (12). 

RESULTS 

Fig. 1 presents relationship between the O-acetylation of 
tyrosyl side chains and the change in inhibitory activities in 
BBI. The treatment of the inhibitor with increasing amounts 
of AT-acetylimidazole resulted in a progressive acetylation of 
tyrosyl side chains. However, only 1 of 2 tyrosyl residues in 
BBI could be modified by 100- to 1500-fold molar excess of 
the reagent Urea (8 m) did not affect the tyrosine acetylation, 
as one tyrosine remained unmodified by its presence (Table 
I). When BBI was acetylated in the presence of 6 M guanidine 

* The abbreviation* u*ed are: BBI, Bowman-Birk soybean protein- 
ase inhibitor LBI, lims bean proteinase inhibitor. 
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hydrochloride, however, both tyrosines were almost com- 
pletely acetylated (Table I), 

Antichymotrypsin activity of BBI was not affected by the 
acetylation of the "accessible" tyrosine, as inhibitor modified 
by AT-acetylimidatole alone was fully active toward chymo- 
trypsin, even after treatment with 1500-fold molar excess of 
the reagent (Pig. 1). Antitrypsin activity, however, paralleled 
the acetylation of the accessible tyrosine and decreased as the 
tyrosyl side chain was acetylated. At 100-fold molar excess of 
the reagent, antitrypsin activity was about 40% of the original; 
further increase did not reduce the trypsin-inhibitory activity 
much. At 1500-fold excess, modified BBI retained about 25% 
antitryptic activity of the native. The lost antitryptic activity 
of the modified inhibitor acetylated without denaturing agent 
could be recovered fully by deacetylating the O-acetylated 
tyrosyl side chain with hydroxylamine (Table I). 

Although essentially no enhancement in tyrosine acetyla- 
tion was observed in samples modified in the presence of 8 m 
\urea, antitryptic activity was completely lost by this treat- 
ment, while antichymotryptic activity remained relatively 
unaffected (Table I). Deacetylation of the sample acetylated 
in 8 M urea restored the original antichymotryptic activity, 
but not the antitryptic activity. 

A sample acetylated in the presence of 6 M guanidine 
hydrochloride and with both tyrosyl side chains 0-acetylated 
lost all of its antitryptic activity and more than half of anti- 
chymotryptic activity (Table I). Antitryptic activity could not 
be regained by deacetylating O-acetyltyrosines but antichy- 
motryptic activity was fully restored by this process. 

The acetylation of LBI with a 100-fold molar excess of M 
acetylimidazole induced 17% modification of tyrosine (Table 
I). The modified LBI lost more than two-thirds of the original 
antitryptic activity but retained full activity toward chymo- 
trypsin. The deacetylation of 0-acetyltyrosine by hydroxyla- 
mine realized only a partial recovery of the lost antitryptic 
activity. 

The presence of 6 m guanidine hydrochloride during acet- 
ylation enhanced the extent of tyrosine modification to 75% 
from 17% (Table I). An increased loss in the antitryptic 
activity was also noted, but the antichymotryptic activity was 
unaffected by the presence of the denaturing agent. The lost 
antitryptic activity could not be regained by the restoration 
of tyrosyl side chains by hydroxylamine. 

The treatment of the inhibitors with only 8 m urea, 6 m 
guanidine hydrochloride, or hydroxylamine without //-acetyl- 
imidazole did not have any effect on either of the antiprotei- 
nase activities. 



I0Q - 




Table I 

Per cent inhibitory activities of acetylated and deacetylated BBI 
and LBI 

Acetylation was performed with 1500-fold (BBI> or 100-fold (LBI) 
molar excess of jV-acetylinudazote with or without 8 m urea or 6 m 
guanidine hydrochloride. For deacetylation, protein solution buffered 
with 50 raid sodium phosphate, pH 7.5, was mixed with an equal 
volume of 2 M hydroxylamine preadjuated to pH 7.5 with 10 m sodium 
hydroxide (10, 14). 



~ioO0 1500 
NAI C-FOLO MOLAR £XC£SS> 

Fig. 1. Tyrosine acetylation and antiproteinase activities of 

BBI acetylated with JV-acetylimiduzole (NAI). • per cent 

of tyrosine acetylation using Ae^ = 2240 for BBI with both tyrasyj 
aide chains O-acetylated (10); , per cent change in antichymo- 
tryptic activity; O— O, per cent change in antitryptic activity (12). 
Acetylation was performed in 50 rim sodium borate, pH 7.5, at 24°C 
for2h <t0. 14). 
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DISCUSSION 

Of 2 tyrosyl residues in BBI, Tyr 55 is located next to 
antichymotryptic site Leu 53-Ser 54. The other, Tyr 69, resides 
in the antitryptic fragment but the proximity of this tyrosine 
to the trypsin-inhibitory site is unknown (9). In LBI, Tyr 69 
is the sole tyrosine, as position 55 has iaoleucine in the 
inhibitor (15). 

From results of the present study, the tyrosyl residue ex- 
posed to iV-acetylimidazole in BBI may be assigned to Tyr 69 
in the antitryptic fragment because: (fl) the loss of antitryptic 
activity follows closely the acetylation of the accessible tyro- 
sine, (b) antitryptic activity can be restored to the original 
level by deacetylating the BBI derivative which was acetyla* 
ted without denaturing agent; and (c) the acetylation of the 
accessible tyrosine does not have any effect on antichymo- 
tryptic activity. The other tyrosyl residue that is relatively 
inaccessible to N- ace ty Imidazole must then be Tyr 55, adja- 
cent to the antichymotryptic active site. Additional evidence 
U that the acetylation of the "inaccessible" tyrosine results in 
60% reduction of antichymotryptic activity which can be 
restored upon deacetylation. 

The acetylation of Tyr 69 in BBI without denaturing agent 
induces 60 to 70% loss in antitryptic activity which is fully 
recoverable by deacetylation. The presence of 8 M urea during 
the acetylation does not influence the degree of tyrosine 
modification, but it produces a complete and irreversible loss 
in antitryptic activity. The presence of 8 m urea must have 
promoted the acetylation of other amino acid residue (s) es- 
sential to trypsin inhibitory activity. Although Macetylimid- 
azole is used primarily for acetylation of tyrosyl side chains, 
acetylation of amino groups has been demonstrated as well 
(13). *-Amino groups of lysines can be modified by such a 
treatment (16), but only O-acetyl tyrosine is deacetylated by 
the procedure used (13). The substitution of Lys 26 at the 
trypsin inhibitory site may then be suggested for the irrevers- 
ible loss in antitryptic activity. Similarly, a total and irrevers- 
ible loss of antitryptic activity in samples acetylated in the 
presence of 6 m guanidine hydrochloride may also be attrib- 
uted to the irreversible acetylation of the same lyfiyl residue. 

The results of LBI acetylation support the assignment of 
tyrosyl residues in BBI: The acetylation of Tyr 69 in LBI, 
with or without 6 M guanidine hydrochloride, has no effect on 
antichymotryptic activity at all while antitryptic activity is 
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reduced. A part of the lost antitryptic activity in the sample 
modified without the denaturing agent can be recovered upon 
deacetylation. The irreversible acetylation of Lys 26 might 
also be assumed for unrecoverable loss of antitryptic activity 
in LBI. 

A conclusion that modification of Tyr 55 results in the losa 
of antichymotryptic activity is in accord with a previous study 
using free radicals as modifying agents. In that study radiation 
damage to Tyr 55 was suggested to be accompanied by decline 
in antichymotryptic activity without affecting antitryptic ac- 
tivity (12). However, the modification of Tyr 69 by free 
radicals had no effect on either of the antiproteinase activities 
in both BBI and LBI (11, 12), a conclusion which seems 
contradictory to results of the acetylation study. 

Since radiation and acetylation produce different products, 
the modification of the same residue in a protein by these two 
techniques may be expected to induce different effects on the 
functions. Derivatives of Br 3 ~ and <CNS) 4 " attack on tyrosine 
have not been well characterized. By analogy with hydroxyl 
radicals, however, a major product of tyrosine degradation by 
these radical anions may be assumed to be 3,4-dihydroxy- 
phenylalanine (17-19), a minor structural modification. On 
the other hand, acetylation introduces a relatively bulky ace- 
tyl group at the hydroxyl group. Such a bulky substitution 
may sterically hinder the formation of a proper enzyme- 
inhibitor complex. 

Although the modification of Tyr 55 in BBI by either 
radiation or acetylation results in the loss of antichymotryptic 
activity, it is not an "essential" amino acid and probably does 
not participate directly in chymotrypsin binding. Thus it is 
replaced by other amino acids in inhibitors homologous to 
BBI without losing antichymotryptic activity, isoleucine in 
LBI (15) and methionine in garden bean proteinase inhibitor 



II (20). However, the integrity of Tyr 55 is essential to chy- 
motrypsin-inhibitory activity in BBI. 
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THE-EFFECTS OF SOYBEAN TRYPSIN INHIBITORS ON THE PANCREAS OF ANIMALS AND MAN; A REVIEW 
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Food and Drug Administration, Bureau of Foods, Washington. DC 20201* 
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The introduction of a new or alternative 
food source into the American diet often cre- 
ates a myriad of questions regarding its safe- 
ty and nutritional value. This is especially 
true when that food is composed of a complex- 
ity of components. Soybeans belong to this 
category. Most of the enzymes found in raw 
soybeans remain chemically active unless then- 
ar© heated. A deleterious effect was noted 
on the pancreas in some species of animals 
fed raw soybeans. This was thought to be a 
resulx of those enzymes. For this reason, 
Soybeans and their enzymatic components were 
scrutinized for any purported toxicity to man. 

Inhibitors of proteolytic activity of many 
enzymes are found throughout the plant king- 
dom, particularly among the legrumes. Table 
1 lists the variety of plants containing pro- 
tease inhibitors. 

In addition to the legumes, cereal grains, 
grasses, potatoes and eggplant all contain 
protease inhibitors (1-3)- 

Humans have. 2 types of trypsin, cat ionic and 
anionic, that are similar to mammalian trypsins 
in amino acid composition (4,5); however, only 
four disulfide bonds are possible, compared 
with six for other mammalian species (5)» 

The soybean inhibitors of trypsin (STI) in 
particular have received considerable atten- 
tion because of their effects on animals in 
both growth and pancreatic activity (6-11), 
These effects include pancreatic hypertrophy 
in rats (1,7-11) and chicks (2,8,12), but not 
in dogs (12-15) or calves(14). Further 
Studies in rats revealed not only hypertrophy 
and hyperplasia of the pancreas in rats fed 
continuous diets containing raw soya flour, 
but they also developed hyperplastic .nodules 
and adenomas. A few of the rats developed 
pancreatic cancer (9), Growth inhibition and 
diarrhea were also seen in calves (6), rats 
(2), chicks (12) and mice (16). 

At least five trypsin inhibitors have been 
isolated from soybeans (2) and soybean whey 
(17K According to Ikenaka et al (18), Kunitz 
isolated the first inhibitor in 1945; it is 
composed of a single polypeptide chain with 
approximately 200 amino acids and two disul- 
fide bonds as shown in Figure 1. 

Another trypsin inhibitor, the Bowman-Birk 
inhibitor, differs ft-oro the Kunitz inhibitor 
not only in the fact that it is a more potent 
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Fig 1* Kunit* Inhibitor 

inhibitor of trypsin, but it also displays 
powerful inhibitory activity toward chymotryp- 
sin. This inhibitor contains 17 disulfide 
bonds which account for its high resistance to 
severe treatment with heat » acid, alkali, pep- 
sin or papain. The lima bean ( Phased us lun si - 
tus ) and other legumes also contain similar 
resistant trypsin inhibitors (2). 

MECHANISM OF ACTION OF INHIBITORS 

Substantial evidence indicates that the 
feeding of raw soybeans and purified soy tryp- 
sin inhibitors accelerates protein synthesis 
in the pancreas and stimulates hypersecretion 
of pancreatic enzymes (amylase, 3 ipase anc" 
trypsin) into the intestinal tract (1,7,8). 
The secretory response of the pancreas to 
dietary trypsin inhibitors is an indirect re- 
sponse that is initiated in the intestine and 
not in the blood* In rats, pancreatic enz.yme 
secretion is suppressed by negative feedback 
inhibition resulting from the presence of 
trypsin and chymotrypsin in the intestinal 
tract. The trypsin inhibitors increase pan- 
creatic enzyme secretion by forming: inactive 
trypsin-trypsin inhibitor complexes and there- 
fore decrease the suppression exerted by free 
trypsin (1,11), Feedback inhibition occurs 
in humans and pigs, but not in dogs ( 1 ) * The 
presence of protein and trypsin inhibitot-s 
in the duodenum results in a release of cbole- 
cystokinin (CCK) from the binding sites in the 
mucosa* CCK also has trypsin inhibiting 
activity and can cause pancreatic hypertrophy 
and inhibition of rat growth <1>, as shown 
in Figure 2. 
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Botanical Name 


Common Name 




Part of Plant 


Arachis hypogeae 


Peanut, ground not 




Seed skin 


Artocarpus integri folia 


Jack fruit 




Seed 


Avend Sativa 


Oat* 




Seed 


Beta vulgaris 


Beet, beetrgot 




Root 


Brassiea rspa 


Tumi p 




Root 


Cajanus cajan 


Red gram 




Seed 


Cajanus indlcus 


Pigeon peas 




Seed 


Canvat ia ens ! formi s 


Jack bean 




Seed 


Ceraton i a s i 1 1 gua 


Carob bean 




Seed 


Cere is canadensis 


Redbud tree 


. • * J. 


_ Seed 


Chamaecr i $ta Fasieulata 


Partridge pea 




Seed 


C icei* ar let i num 


Bengal gram, chick pea, garfcanzo 




Seed 


Colocasia esculenta 


Ta ro 




Root 


Cyanopsis psoraloides 


Guar bean 




Seed 


Do! f chos t ablab 


Field bean, hyacinth bean 




All parts 


Faba vuigarls 


Double bean 




All parts 


Fagopyrym esculentum 


Buckwheat 




Seed 


Gleditsia cricanthos 


Honey locust 




Seed 


Give i ne max 


Soybean 




Seed 


Glymnocladus dioica 


Kentucky coffee bean 




Seed 


Hordeum vufgare 


Barley 




Seed 


Ipomoea batata 


Sweec potato, yam 




Root and leaves 


Lactuca sativa 


Lettuce 




Seed 


Lens escu-e^ta 


Lent i I 




Seed 


lespedeza stipulacea 


LeSp«dc2a 




Seed 


Mendieago satlva 


Alfalfa, lucerne 




Leaf 


Mucana deer ingianum 


Florida velvet bean 




Seed 


Oryza sativa 


Rice 




Seed 


PhaseoiuS aureus 


Green gram, mung bean 




Leaves 


Phased us cocci neus 


Scarlet runner bean 




Seed 


Phaseolus vulgaris 


Garden bean 




Seed 


Phaseolus lunatis 


Lima bean 




Seed 



cationic and anionic trypsin* bovine trypsin 
and porcine trypsin. The cat ionic human 
trypsin is not* inhibited by bovine or porcine 
trypsin inhibitors (4,19). 

Trypsin inhibitors can discriminate between 
bovine and human trypsin (20). Soybean tryp- 
sin inhibitor can inhibit human trypsin 2 
(anionic), 100% in a 1:1 molar ratio as it 
inhibits bovine trypsin; however, human tryp- 
sin X (cationic) is inhibited only 402 at a 
1:1 molar ratio (4). The reaction of human 
trypsin with soybean trypsin inhibitor i^ 
shown in Figure 3* 

Inhibitors known to possess a susceptible 
bond of type Arg-X (4) are among the poorest 
inhibitors of human trypsin, especially tryp- 
sin 1. The soybean trypsin inhibitor is 
classified in this group* The primary struc- 
ture of the reactive site of modified STI is 
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A casein diet is also a stimulant of pan- 
creatic secretion in the rats by binding to 
trypsin during digestion with the result that 
feedback inhibition is decreased CD- 
INHIBITOR SPECIES SPECIFICITY 

Endogenous inhibitors to trypsin have been 
found to bovine trypsin, porcine trypsin and 
human trypsin. Human pancrea-tic secretory 
trypsin inhibitor effectively inhibits human 
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Fig 2. Regulation oF trypsin Secretion 
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cmiona.1 supplementation is required following 
heat treatment tor amino acids (33,34)such 
a& methionine, valine, and threonine; tor 
choline (2,14,35); and for the minerals zinc 
(36) and calcium (11,34). Excessive heat 
must he avoided since it will decrease the 
nutritional value of soybean protein and 
increase 1 ysinoal anine, a nephrotoxic sub- 
stance (12). Finally, the use of STI as a 
promotor in the study of potential pancreatic 
carcinogens may prove beneficial for cancer 
research (24,25) and might be considered in 
the future. 



Fig 3* Inhibition of bovine and human trypsin with 
soybean trypsin inhibitor 

shown below, the residues labeled according 
to the notation of SCHECHTER and BERGER (21): 



Pro Ser Tyr Arg OH : H lie Arg Phe He 

The weak inhibition of human trypsin 1 by 
STI has never been described for the trypsin 
of any other mammalian species. In addition, 
the trypsin that fails to be inhibited by STI 
represents the major part of the potential 
trypsin activity of the whole juice (about 
2/3) (3). Most authors found weak and poorly 
reproducible inhibition of human trypsin by 
STI ( 1 ,4 ,5, 20»22) . This is due to lesser 
stabilisation of the trypsin- inhibitor com- 
plex (23). 

TRYPSIN INHIBITORS AND CANCER 

Unlike the effects of STI on man, rats de- 
veloped pancreatic hypertrophy (1,2,7,9-11) 
which may act as a promoter for potential 
pancreatic carcinogens- Raw soya flour alone 
fed to rats led to the development of hyper- 
plastic nodules, adenomas and, in some cases, 
cancer (9). Combining two known carcinogens, 
azaserine and di(2-hydroxypropy 1 )nitrosamine , 
with raw soya flour diets augmented their 
carinogenicity in the pancreas of rats (24,25). 

Mice fed diets containing raw soybeans, 
however, showed a delay in the appearance of 
tumors initiated with nitroquinol ine-oxide 
(N 0) by 45 days and a decrease in the number 
of + umors by 50% after 200 days (26). 

SUMMARY 

Human try£€£»-4e more resistant to inhibi- 
tion than is the trypsin of other mammalian 
species* . The effect on human trypsin of soy- 
bean trypsin inhibitor in soy protein does 
not appear to be a potential hazard to man. 
Therefore, the elimination of STI does not 
seem to be necessary for humans- In animal 
diets, however, pancreatic toxicity must be 
considered whenever soybean protein is uti- 
lized* Soybeans should be treated to increase 
their nutritional benefits and decrease any 
animal health risks (27-29). This Will in- 
sure healthy control subjects in laboratory 
situations and avoid misinterpretation of 
pathologic data. The treatment suggested is 
heat (2,18,25,30-32) since heat will destroy 
_..*„inost of the soybean trypsin inhibitors- Ad- 
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THE SOLDIER had just arrived at a camp near his 
home after three years overseas and was very eager 
co be reunited with his wife. But cry as he would, 
he could only gee a two-hour leave. After a six- 
hour absence, he came back to camp. "Why are vou 
four hours AWOT,?° backed the sergeant:. "Well," 
replied the soldier, "when I got home I found my 
wife in the cub, and ic took me four hours to dry 
out my uniform. " 
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